Central to the genetic regulatory circuit that controls Bradyrhizobium japonicum nif and fix gene expression is the NifA protein. NifA activates transcription of several nif and fix genes and autoregulates its expression during symbiosis in soybean root nodules or in free-living microaerobic conditions. High 02 tensions result in the lack of nif expression, possibly by inactivation of NifA through oxidation of an essential metal cofactor. Several B. japonicum nif and fix promoters have upstream activator sequences (UAS) required for optimal activation. The UAS are located more than 100 bp from the -24/-12 promoter and have been proposed to be binding sites for NifA. We investigated the interaction of NifA with the nifD promoter region by using in vivo dimethyl sulfate footprinting. NifA-dependent protection from methylation of the two UAS of this promoter was detected. Footprinting experiments in the presence of rifampin showed that UAS-bound NifA led to the formation of an open nifD promoter-RNA polymerase F54 complex. Shift to aerobic growth resulted in a rapid loss of protection of both the UAS and the promoter, indicating that the DNA-binding and the activation functions of NifA were controlled by the 02 status of the cell. After an almost complete inactivation by oxygen, the NifA protein began to degrade. Furthermore, metal deprivation also caused degradation of NifA. In this case, however, the rates of NifA inactivation and NifA degradation were not clearly distinguishable. The results are discussed in the light of a previously proposed model, according to which the oxidation state of a NifA-metal complex influences the conformation of NifA for both DNA-binding and positive control functions.
The great majority of nitrogen-fixing bacteria synthesize the enzyme nitrogenase and other accessory proteins that participate in the process of nitrogen fixation exclusively under low-oxygen conditions (20) . In Bradyrhizobiumjaponicum, the root nodule endosymbiont of soybean, this set of proteins (encoded by the nif and fix genes) is expressed only in nodules, where microaerobic conditions prevail, and in free-living cells under low oxygen tensions (21) . In this organism, as in several other nitrogen-fixing bacteria, oxygen control of nif andfix gene expression occurs principally at the level of transcription.
The B. japonicum nif and fix genes are positively controlled by the regulatory protein NifA (NifABJ). Oxygen control of nifandfix expression is exerted through NifAB, by regulating its synthesis and activity (16, 41) . nifA, the promoter-distal gene of the fixR-nifA operon (42) , is expressed aerobically at low levels; at reduced oxygen tensions, autoregulation by NifABJ accounts for maximal expression (41) . In Rhizobium meliloti, transcription of nifA is also regulated by oxygen, but via a different mechanism involving the two-component regulatory proteins FixL and FixJ. FixL senses the cellular oxygen status and accordingly transduces this information to FixJ, the regulatory protein that activates nifA expression (9, 22, 45) . Genes analogous to fixL andfixJ have recently been reported to be present also in B. japonicum; however, in this bacterium, the FixL and FixJ proteins do not appear to participate directly in nifA expression (2) . On the other hand, the B. japonicum and R. meliloti NifA proteins themselves are sensitive to the oxygen conditions of the cell, since high oxygen tensions result in the lack of nifand fix gene expression (3, 16) . Conversely, in Klebsiella pneumoniae, even though nif expression is controlled by the oxygen status of the cell, the NifAKp protein itself is insensitive to oxygen (5, 16) . In this organism, oxygen regulation of nif expression is exerted indirectly through NifL, a protein that inactivates NifAKP at high levels of oxygen or fixed nitrogen (29, 35) .
Comparison of the amino acid sequences of the Bradyrhizobium and Rhizobium NifA proteins with the K. pneumoniae NifA protein has given insight into the structural differences that might account for the difference in oxygen sensitivity. The NifA proteins of the former organisms have a domain with several conserved cysteine (Cys) residues not present in the K. pneumoniae protein. This domain, with the structure Cys-X11-Cys-X19-Cys-X4-Cys, resembles the protein binding motif for some metal cofactors (14) . It was demonstrated by site-directed mutagenesis of the B. japonicum nifA gene that all these Cys residues are essential for NifABi-dependent activation of nif transcription (14) . In addition, the precise distance, but not the identity, of the amino acids between the two closest Cys residues, is critical for activation (15) . Fischer et al. (14) have proposed that the Cys residues coordinate a metal cofactor and that the redox state of this complex regulates NifABj activity. This interpretation is supported by the observation that metal ions are absolutely required for NifAB, to activate nif transcription in vivo (14) .
The nucleotide sequences of the upstream regions of the seven known B. japonicum nif and fix operons have been determined (for a review, see reference 21) . The promoter regions of all these operons showed high homology with the -24/-12 (TGGCACN5TTGCA) class of promoters. Hence, it is anticipated that they are recognized by the RNA polymerase containing either of the two r54 factors present in B. japonicum (26) . In addition, some promoters have cis-acting regulatory elements, upstream activator sequences (UAS), involved in NifABi-dependent activation of OXYGEN REGULATION OF NifABj ACTIVITY 3479 transcription (1). These elements have dyad symmetry (TGTN1OACA) and are generally located more than 100 bp from the transcription start site. Previously, it was shown that the homologous UAS elements of the K. pneumoniae nifH and nifU promoters are binding sites for NifAKp (7, 32) .
Gubler (18) has proposed that the presence and number of UAS elements in a given NifABJ-dependent promoter provides fine tuning for the regulation of gene expression. The fixA and fixB promoters, although not having any nearby UAS, are activated by NifABj at low levels (18, 19) . The nifS and nifB genes have one UAS element and are thought to be transcribed at intermediate levels (12, 18) . In contrast, niflj and nifH have two UAS and are the most highly expressed nif genes (1). However, despite the well-established role of UAS in the activation of transcription by NifABi, little is known about the molecular basis of the overall mechanism of activation and how this is influenced by oxygen.
Deletion analyses of the K. pneumoniae and R. meliloti nifA genes have shown that the DNA-binding and positive control functions are two independent activities of NifA (24, 34) . The DNA-binding function is located in the carboxyterminal domain, probably in a motif folded as a helix-turnhelix (11, 34) , whereas the positive control function resides in the central domain (24, 34) . Buck et al. (6) have proposed that the DNA-binding function of NifA serves to interact with the UAS such that the positive control domain is appropriately positioned to contact the RNA polymerasepromoter complex for activation of transcription. This occurs presumably by looping the intervening DNA in a process facilitated by the integration host factor (23 (14) . Plasmid pKP7648 (cat-nifAKp) is a Tcs Kanr derivative of pBR329 because of a ntpII gene insertion into the tet gene (14) . Plasmid pRJ7511 [4) (cat'-'nifABj)(Hyb)] is a Tcr derivative of pRJ7517 (16) lacking the ntpII insertion in tet. These plasmids have the K. pneumoniae or B. japonicum nifA gene fused to the cat promoter of pBR329, resulting in constitutive expression of nifA. In order to obtain the mutant NifABJ(Cys-er472) protein encoded in a pBR329-based plasmid compatible with pRJ7562, plasmid pRJ7870 was constructed by replacing the 18 amino acids (Cys-287-Ala-Ala-Leu-Pro-Glu-Thr-Val-Leu-GluSer-Glu-Leu-Phe-Gly-His-Glu-Lys-304) at Cambridge Research Biochemicals, Ltd., Cambridge, United Kingdom. The synthetic peptide was conjugated to keyhole limpet hemocyanin by using m-maleinimidobenzoic acid-N-hydroxysuccinimide ester. Five New Zealand White rabbits were immunized six times over a period of 10 weeks. After an additional 2 weeks, the sera were harvested and partially purified by ion-exchange chromatography on DEAE-Sephacel and protein A affinity chromatography. The antibodies were used to detect NifABi and NifAKp proteins in bacterial crude extracts after gel electrophoresis and electroblotting to Hybond-C "extra" nitrocellulose membranes (Amersham International, Amersham, United Kingdom). Alkaline phosphatase-conjugated goat anti-rabbit antibodies (Bio-Rad Laboratories, Richmond, Calif.) served as secondary antibodies, and they were applied according to the instructions of the manufacturer.
RESULTS
Interaction of NifABJ with the nifD UAS. The upstream promoter region of the B. japonicum nifD gene has two UAS elements, located at -108 and -157 bp from the transcription start site, which are essential for activation of transcription by NifABj (1) (Fig. 1) . We investigated the in vivo occupancy of these elements by NifAB, by using DMS footprinting. The primer extension strategy followed here (4) allowed us to examine the methylation pattern of guanine residues from +20 to -230 in the top strand and from +70 to -180 in the bottom strand. Thus, it was possible to determine the in vivo reactivities towards DMS of the -24/-12 promoter and the UAS along both DNA strands. Figure 2 shows the primer extension products of the nifD promoter region obtained from anaerobically grown E. coli MC1061 harboring plasmid pRJ7562 (niJD'-'lacZ) or plasmids pRJ7562 plus pRJ7511 (nifA gene). Comparison of the intensity of the primer extension products showed that, when NifABJ was present in the cells, guanine residues at -108 and -157 of the top DNA strand ( Fig. 2A) (Fig. 3) . This analysis revealed that the protection of UAS2 from methylation was more pronounced compared with that of UAS1 and corroborated the finding that the -24/-12 promoter itself showed no significant NifABJ-dependent difference in the methylation pattern. In conclusion, the footprinting experiments shown in Fig. 2 Figure 4 shows the primer extension products corresponding to the niJD promoter and UAS obtained from Rif-pretreated cells. As expected, the UAS were protected from methylation, indicating that preincubation with Rif did not interfere with the binding of NifABj (Fig. 4B, right lane) . In addition, guanine residues at -24, -23, and -12, the most conserved nucleotides of the a54-dependent promoters (28, 33, 43) , were strongly protected from methylation (Fig. 4A, right and -146 that were hypermethylated in the presence of NifABJ are indicated by closed circles. Guanine residues at -12, -23, and -24 in the top DNA strand and at -13 in the bottom DNA strand that showed no significant difference in the methylation pattern are indicated by arrows. Minor differences in the levels of the extension products were occasionally observed, but sometimes these products did not correspond to guanine residues, quite likely reflecting nonspecific stops of the DNA polymerase.
activation might be mediated at several levels: (i) by altering the synthesis or stability of the NifABj protein, (ii) by affecting the binding of NifABj to the UAS, (iii) by controlling open promoter complex formation, or (iv) by interfering with a later and as yet unidentified NifABJ-dependent step in nif transcription. To investigate at which level(s) oxygen control is exerted, the methylation pattern of the nifD promoter region was determined after shifting an exponentially growing MC1061 culture containing plasmids pRJ7562 and pRJ7511 from anaerobic to aerobic growth. Figure 5 shows the primer extension products corresponding to the nifD promoter (Fig. 5A ) and the UAS (Fig. 5B) Guanine residues of both DNA strands from +20 to -170 are represented. The numbers indicate the most conserved guanine residues of the two UAS and the -24/-12 promoter (DPE).
taken from Rif-pretreated cultures 10 min after a shift to aerobic conditions. In contrast to the unshifted cultures, in which a clear protection of both the promoter and the UAS was observed (Fig. 5, lanes 2) , no NifABi-dependent changes in the methylation pattern were detected in the cultures exposed to air (Fig. 5, lanes 3) . Thus, exposure to oxygen rapidly disrupted both the binding of NifABJ to the UAS and the formation of an open nifD promoter-RNA polymerase c54 complex. As expected, the observed oxygen sensitivity was specific for the NifABj protein; the NifAKp protein protected the nifD promoter and the UAS from methylation regardless of the oxygen conditions in the cell (data not shown).
Immunoblot analysis of samples taken from the shifted and unshifted cultures showed that the amount of the NifABj protein in the cells did not change after a 10-min exposure to air (Fig. 6A, lane 3) . This result strongly suggests that the lack of protection of the nifD promoter and the UAS was due to a direct inactivation of the NifABj protein by the highoxygen conditions rather than to any secondary effect such as NifABJ degradation or reduced nifA expression. At longer exposure times, however, the NifABj protein became degraded (see below).
Metal depletion influences the function of NifABj. Metal ions are essential to the activation of nif expression in vivo by NifABj. Incubation with the chelating agent o-phe specifically abolished nifD activation by NifABJ but had no effect on activation by NifAKp (14) . We proposed that a metal cofactor bound to NifABi is the responsive element that may sense the oxygen conditions in the cell (14 The effect of metal deprivation on the wild-type NifABj protein was also investigated by exposing anaerobically grown cells to o-phe. Figure 5 shows that addition of o-phe for 60 min had only a very moderate effect on the ability of NifABj to protect the niJD promoter and no effect on the protection of the UAS from methylation (lanes 4). However, when o-phe was present in the medium from the start of the culture this resulted in a marked reduction of the methylation protection (data not shown). Surprisingly, this also resulted in a substantial diminution of the level of the NifABj protein in the cells to almost below the level of detection (Fig. 6B, lane 7) . This observation makes it difficult to ascribe the lack of protection to NifABj inactivation rather than to protein degradation. In contrast, and consistent with the reported insensitivity of NifAKp to metal deprivation upon the activation of nifD transcription (14), incubation with o-phe had no effect on stability (Fig. 6B, lanes 8 and 9) (Fig. 6A, lanes 8 and 9) or by growth in the presence of o-phe (Fig. 6B, lanes 8 and 9) (13) . There is cumulative evidence indicating that the NifA proteins from a number of organisms are folded into several functionally and structurally independent domains. The positive control domain is located in the central part of the protein and activates transcription perhaps by interacting with the promoter-RNA polymerase (J54 complex (11, 24, 34) . The carboxy-terminal domain has the DNA-binding function that helps to properly orientate the positive control domain in the vicinity of the promoter (6, 34) . Deletion analysis of the K. pneumoniae nifA gene has shown that the DNA-binding domain itself does not have any intrinsic ability to activate transcription (34) . Between the two domains, the oxygen-sensitive NifA proteins from Bradyrhizobium and Rhizobium species have an interdomain linker characterized by having several conserved Cys residues. The interdomain linker has been proposed to be the binding site for a metal cofactor involved in the redox control of NifA activity (14) . By taking into account the multidomain model for NifA structure, oxygen control of NifABi activity could be achieved by interfering either with the positive control or with the DNA-binding function or both. Our in vivo footprinting studies were aimed at addressing the question of at which level(s) oxygen controls NifABi activity.
NifABj binds to the nifD UAS. In vivo DMS footprinting of the nifD promoter region showed that guanine residues in the UAS were the only positions protected from methylation when NifABJ was present in the cells. We interpret this result to mean that NifABJ binds to the UAS as a first step in the process of activation of nifD transcription. This interpretation is consistent with the previous observation that the UAS of some of the K. pneumoniae nif promoters are binding sites for the NifAKp protein (7, 32) . The footprinting experiments described in the legend to Fig. 2 showed that the NifABidependent methylation pattern of the two nipD UAS was symmetrical; both elements displayed protection of the conserved TGT motifs and also hypermethylation of guanine residues at positions 4 (G4A3C2A1) of the UAS half-sites at -106 and -146. These results indicate that NifABj interacts with the two nipD UAS in a very similar manner, contacting the same positions and overexposing equivalent nucleotides. In addition, it is interesting that protection of UAS2 was stronger than protection of UAS1, probably reflecting a different affinity of NifABi for these elements. . . . . ase cr54 complex is formed in vivo. It is possible that NifABi can participate in the formation of a closed nijD promoter complex. However, with the in vivo footprinting approach, this was difficult to determine because, if a closed promoter complex were facilitated by NifABJ, the RNA polymerase would be active and, hence, rapidly escaping from the promoter. The footprinting experiments performed in Rifpretreated cells, on the other hand, clearly showed that NifABj induces the protection of the most conserved guanine residues of the nijD promoter. Since this protection was observed only in the presence of both NifABj and Rif, it is quite likely that this represents the accumulation of open promoter-RNA polymerase c54 complexes. It is interesting to observe a very high hypermethylation of guanine at -7 and to a lesser extent also at -2 and -1 under these conditions. It is likely that this represents an increased reactivity towards DMS of the single-stranded DNA. Thus, Oxygen control of NifABJ activity. Studies from several laboratories have shown that, although binding to the UAS helps activate transcription, the UAS are not absolutely required for the NifA-dependent expression of certain genes (18, 24, 33) . The B. japonicum fixA and fixB promoters, for example, although not having any nearby UAS, are activated by NifABi, and furthermore their expression is regulated by oxygen (12, 18 Oxygen inactivation of NifA is a very rapid process; 10 min after a shift from anaerobic to aerobic growth, almost no nifD::lacZ transcripts (27) , open promoter complexes (Fig.  5A, lane 3) , or binding to the UAS (Fig. SB, lane 3) Metal ions influence the function of NifABj. Selective regulation of gene expression in response to changes in the oxygen conditions of the environment is a common phenomenon in bacteria. The Fnr regulatory protein of E. coli, for example, activates the expression of a number of genes whose products participate in anaerobic metabolism specifically under oxygen-limited conditions. In addition, Fnr regulates its own synthesis and also represses other genes (39) . It has been proposed that Fnr binds to its operator sites and, depending on the position of the operator, activates or represses transcription. As in the case of NifABj (14) , the Fnr protein has been shown to require metal ions in order to activate or repress transcription (40, 44 In the previous experiments, the mutant nifA genes were expressed from a strong promoter (ptac) that led to very high levels of NifABj, while in the system used here nifA was expressed at lower levels.
Recently, Huala et al. (25) showed that at high oxygen tensions the NifA protein of R. meliloti is degraded in E. coli by a mechanism involving the Ion protease. In a lon mutant background, the NifARm protein was more stable than in the wild-type background, resulting in higher levels of NifARmdependent nif activation even at high oxygen tensions. This observation led to the proposition that degradation of NifARm significantly contributes to the regulatory role of oxygen on nif expression. However, it was unclear whether the degradative mechanism was the cause or the effect of oxygen inactivation of NifARm. In the experiments reported by Huala et al. (25) , it seems likely that the prevention of degradation of inactive NifA led to a higher NifARm protein dosage and thereby to a higher overall level of NifARm activity, because a small proportion of the total NifA protein may have remained active. Since the NifARm and the NifABj proteins are highly homologous, it would not be surprising if the oxygen-inactivated or metal-deprived NifABj proteins were also degraded in E. coli by a similar mechanism involving the lon protease. It will therefore be of interest to test whether degradation of inactive NifABj also occurs in the B. japonicum background and whether this also involves the action of a specific protease.
